When protoplasts inoculated with tobacco rattle virus (TRV) were sampled after successive intervals at 22 or 25 °C in light, the following sequence of events was detected. Infective TRV-RNA appeared at 7 h and approached its maximum concentration by ~2 h. Antigen detected by staining with fluorescent antibody to TRV particles, infective TRV nucleoprotein, and both long and short TRV particles were produced by 9 h, and increased up to about 4o h. Infective RNA synthesized at about 9 h was apparently incorporated into nucleoprotein particles about 4 to 5 h later. Up to I6 h, long virus particles outnumbered short, but their proportion steadily decreased until 40 h, when it stabilized at about 20 ~. Half the final yield of long particles was produced by 22 h, and half that of short particles by 30 h. Nearly all the long virus particles were associated with mitochondria at all times, but after the first few hours the short ones were predominantly free in the cytoplasm. Inoculating short virus particles up to 8 h before, or 4 h after long particles instead of simultaneously, did not greatly affect the number of antigen-producing infections produced, but somewhat decreased the proportion of infective RNA incorporated into nucleoprotein. These results provide support for the idea that separation in time or place within the cell of the synthesis, translation or assembly into nucleoprotein of the different genome parts may be one of the advantages of multipartite genomes as a modus vivendi for plant viruses.
INTRODUCTION
The great advantage of protoplast systems in plant virology is that the processes involved in infection and replication occur relatively synchronously in a large majority of the protoplasts in a population (Takebe, I975) . In previous work with tobacco rattle virus (TRV) and tobacco mesophyll protoplasts we have studied the mechanism of infection and established a time scale for some of the main features of virus multiplication (Kubo et al. r975 b, I976) . For example, we estimated that about 3o long particles and 85 short particles of TRV were taken up per protoplast at the IDs0 for infections in which virus coat protein is produced, and that about Io 6 progeny virus particles per infected protoplast accumulated during incubation for 2 days at 22 °C. In this paper we examine the virus multiplication cycle in more detail.
Experimental conditions. The plants used as sources of protoplasts, preparation of inoculum, procedures for preparation, inoculation by the indirect method using phosphate buffer and culture of protoplasts, staining with fluorescent antibody to virus particles and titration of antigen using antibody-sensitized latex, were all essentially as described by Kubo, Harrison & Barker 0975a) and Kubo et al. 0975b, ~976) . In some experiments, protoplasts were stored overnight at 4 °C in 0"7 M-mannitol before inoculation. They were incubated at 25 °C after inoculation unless otherwise stated.
Infectivity assays. Samples containing virus nucleoprotein or RNA were prepared and infectivity was assayed in Chenopodium amaranticolor as described by Kubo et al. 0975b )-Each sample was assayed at three dilutions separated by factors of five. The total numbers of lesions produced by all samples at the three dilutions were compared. These numbers usually differed by a factor of 3"5 to 4"5 for a fivefold dilution, and the observed factors were used to convert the three lesion totals for one sample to equivalent figures, which were averaged and multiplied by the actual dilution to obtain the relative infectivity of the sample.
Proportions of long and short virus particles. To determine the ratio of long to short particles of progeny virus, o'5 to 2 million infected protoplasts were sedimented in 2 min at 8o g, resuspended in I ml o'oi7 M-phosphate buffer, pH 7"3, disrupted in a ground-glass tissue grinder and the extract stored at -2o °C for at least 3 days. Each sample was then thawed, centrifuged for 3 rain at 9ooog, and the supernatant fluid layered on to o'5 ml I5 ~ sucrose in phosphate buffer in a tube for a Beckman SW 39 rotor. Each tube was then carefully filled with more buffer, centrifuged for xo5 min at 36 ooo rev/min, all but 2 drops of the supernatant fluid drawn off and the sediment resuspended in this small volume. Carboncoated electron microscope grids were first treated with a drop of o.o2 ~ bacitracin, which was drained off and replaced by a drop of virus suspension. This was drained off after 15 to 30 s, and a drop of 2 ~ ammonium molybdate, pH 6.o, placed on the grid for 3 o to 6o s, then drained off and the grid dried. The specimens produced in this way contained, in addition to virus particles, considerable amounts of phytoferritin, but this did not obscure the virus particles. At least two grids of each sample were examined and the length classes of 5oo to Iooo particles/sample were recorded.
Electron microscopy of ultrathin sections. Protoplasts were fixed, embedded first in an agar block and then in Araldite, stained and sectioned essentially as described by Kubo et al. (I976) . At least two blocks of each sample were sectioned and examined.
RESULTS

Accumulation of virus RNA, antigen and nucleoprotein
To study the accumulation of virus products by a combination of methods, batches of protoplasts were harvested at intervals after inoculation and divided into three parts. The protoplasts in one part were stained with fluorescent antibody to determine the proportion containing TRV antigen. The second part was used to assay the amount of TRV antigen using antibody-sensitized latex and to assess the relative amount of infective nucleoprotein by local-lesion tests. RNA was extracted from the third part and its infectivity assayed. The results indicate that virus antigen and nucleoprotein infectivity increased in parallel, suggesting that there was no substantial accumulation of virus coat protein other than in nucleoprotein particles (Fig. I) . Progeny virus was detected ~ I h after inoculation by both infectivity and fluorescent antibody tests, but the amount was less than 5 ~ of the final yield, too little to be detected using antibody-sensitized latex. The intracellular distribution of antigen seemed to change somewhat during the course of infection; during the first day fluorescent antibody staining was seen as small bright granules in many protoplasts, whereas later it seemed to occur more generally throughout the cytoplasm, with the chloroplasts standing out as dark unstained areas in a stained matrix.
The results in Fig. I also indicate that although only 3 70 of the total infective nucleoprotein accumulated during the first 11 h after inoculation, at least half the infective RNA was produced then. This phenomenon was confirmed by sampling the protoplasts every 2 h during the early stages of infection (Table 0-Virus RNA was detected 7 h after inoculation, whereas nucleoprotein particles were not detected until 9 h. When the five-to twentyfold greater infectivity of a given amount of TRV-RNA in nucleoprotein particles as compared with protein-free preparations (Harrison & Nixon, I959) is taken into account, it is estimated that although half or more of the maximum content of virus RNA is achieved during 12 h incubation at 22 or 25 °C, only about 2 70 is then in the form of nucleoprotein particles. The proportion of infective RNA in nucleoprotein particles 3o h after inoculation was estimated by comparing the infectivity of RNA extracted directly from protoplasts with that of RNA extracted from frozen and thawed samples of protoplasts. The results indicated that in different experiments 5o to Ioo ~ of the infective RNA was in nucleoprotein particles.
When infectivity is assayed, the results relate to the larger RNA species or the longer nucleoprotein particles of TRV, and further experiments were therefore made to find whether synthesis of long and short nucleoprotein particles is synchronous. Batches of protoplasts, incubated at 22 °C after inoculation, were harvested at intervals and samples used to estimate the percentage of protoplasts staining with fluorescent antibody, the relative infectivity of buffer extracts and the proportions of long, short and intermediate length particles of progeny virus. At 15 to I6 h after inoculation there were more long particles than short and about half the protoplasts stained with fluorescent antibody. However, during the next day the proportions of long and intermediate particles decreased to their final values and virtually all the remaining protoplasts became stainable by fluorescent antibody (Fig. 2) . The speed of the change in proportions of particles of different lengths varied somewhat from experiment to experiment but the trend was always similar. It was difficult, by the technique used, to obtain enough virus to give accurate estimates of the proportions of long and short particles in extracts from protoplasts infected for less than ]5 h, but in one experiment a sample taken at I2 h yielded lO3 particles, of which 6I The relative numbers of short particles in each sample can be calculated by multiplying the relative concentration of long particles by the determined ratio of numbers of short to long particles. The relative nucleoprotein concentrations (w/v) were then obtained by dividing the relative numbers of short particles by 3"8 (Fig. 3) . The mean figures for two similar experiments indicated that half the final concentration of long particles was attained after 2I'5 h at 22 °C, with the main period of accumulation being I5 to 28"5 h. The comparable figures for short particles are 29-5 h and 23. 5 to 37 h. This is evidence of a switch from production of long TRV particles to that of short ones.
The intermediate length particles recorded in Fig. 2 may represent either nascent long particles, errors in synthesis or breakdown products, or some combination of these possibilities. However, if they are predominantly breakdown products their concentration relative to that of long particles might be expected to increase with time after inoculation, and if they represent errors in synthesis but are stable, their relative concentration should be steady. In fact their number, expressed relative to the number of long particles, decreased steadily from 22 ~oo at I2 h after inoculation to 7 ~o at 64 h. Thus the possibility cannot be ruled out that at least some of the intermediate particles are forms of normal long particles in the course of assembly.
Events observed by electron microscopy
Several experiments were done in which batches of protoplasts were fixed at intervals after inoculation, for ultrathin sectioning. In some experiments progeny particles were detected in a very few protoplast profiles at 9 h after inoculation, and in other experiments at x I h. The particles, therefore, were first detectable at almost the same time that virus antigen could be detected by staining with fluorescent antibody and that virus nucleoprotein infectivity began to increase (9 h in most experiments; Table 0-In general, electron microscopy was somewhat less sensitive for detecting virus particles than the other two methods. Both long and short virus particles were found in sections of protoplasts 9 to I I h after inoculation (Fig. 4 to 6 ). The long particles predominated, and nearly all were arranged with their ends in contact with mitochondria (Fig. 4, 6 ). They were usually found side-by-side in small groups associated with a small part of the surface of a mitochondrion, and careful searching revealed that, in the few virus-containing protoplasts found, the particles were associated with m a n y of the mitochondria ( Table 2 ). The few short particles found 9 to ~ I h after inoculation were also mostly associated with mitochondria (Fig. 5 ), but perhaps a few were free in the cytoplasm. Those on mitochondria occurred singly, not in groups.
W i t h increasing time after inoculation, the number of protoplasts containing virus and the number of particles per virus-containing protoplast increased. encrusted mitochondria assumed an abnormal shape, possibly as a result (Fig. 7) . Where two mitochondria were close together, long virus particles appeared to link them in some instances, but more usually each had its own fringe of long virus particles (Fig. 7) , confirming observations on TRV in plant tissue (Harrison & Roberts, ~968) and suggesting that one end of the particles attached more readily than the other. In some instances, the particles could be seen to touch, but not to pass through, the outer mitochondrial membrane (Fig. 8) . Particles were not found on the membranes of the plasmalemma, tonoplast, endoplasmic reticulum, chloroplast or nucleus. The number of short particles increased during the period from 12 to 4 8 h after inoculation; by 24 h there were considerable numbers free in the cytoplasm and by 48 h even more. In general, fewer short particles than long were visible in the vicinity of mitochondria, despite the predominance of short particles in extracts made x to 3 days after inoculation. However, short particles are less easily discerned than long ones by electron microscopy of sections, and many of them occurred in cytoplasm B. Fig. 8 to io. Ultrathin sections of protoplasts. Fig. 8 . Mitochondrion in region poor in ribosomes, 3o h after inoculation. Note TRV particle associated with outer mitochondrial membrane. Multiplication cycle of TRV in protoplasts 245 away from mitochondria, so that micrographs such as Fig. 7 do not give a proper impression of the relative numbers of particles of the two types. Occasional short particles were found on the mitochondria at all times and there were more of them on mitochondria after 48 to 7z h than earlier.
D. H A R R I S O N A N D O T H E R S
A few protoplasts at 24 h after inoculation, and more at 7z h, had cytoplasm containing a smaller concentration of ribosomes than normal. The mitochondria in these protoplasts had virus particles of various lengths, including some short ones, scattered on their surface (Fig. 8) . Also, the cytoplasm contained virus particles of various lengths and some of the chloroplasts seemed to be degenerating. We think these protoplasts are degenerating, though not necessarily as the result of virus infection.
Several of the mitochondria had protuberances, which became more common with increasing time after inoculation (Table 2 ). Typically these occurred where cristae were close to the periphery of mitochondria. However, similar changes occurred in protoplasts inoculated with virus previously inactivated by u.v. radiation (Fig. 9 ) and the protuberances are therefore not a response to virus infection. At all times after inoculation, crystalline bodies were observed within and close to the surface of the chloroplasts of virus-infected and control uninfected protoplasts (Fig. I o) . These bodies seem to be identical with the structures produced when excised virus-free Nicotiana glutinosa leaves are kept in light, and which are considered to result from degeneration caused by starvation (Ragetli, Weintraub & Lo, I97o) .
Separate inoculation of long and short virus particles
For these experiments, long and short particles were separated by two cycles of density gradient centrifugation. The gradients contained EDTA, which was later found to decrease infectivity (D. J. Robinson & J. H. Raschk6, unpublished results) so that the proportion of protoplasts infected by remixed long and short particles was smaller than with comparable concentrations of unfractionated virus. When inoculated to separate batches of protoplasts, the samples of short particles were virtually non-infective and those of long particles induced very few antigen-producing infections but much infective RNA (Table 3 ; Kubo et al. I975b ), In preliminary experiments not described here in detail, we have found that the yield of infective RNA from protoplasts inoculated with long particles sometimes decreases at longer times after inoculation, presumably because the RNA remains susceptible to degradation, and this is more extensive in some batches of protoplasts than in others. The result of this effect is seen in the low yield of infective RNA given by protoplasts inoculated with long particles alone in Expt. 2, Table 3 .
When the short particles were inoculated 4 to 8 h before the long ones, at least as many antigen-producing infections resulted as when mixtures of the two were inoculated (Table 3) . In these inoculations the number of short particles per ml was about 2o times that of long particles; however, the protoplasts were not heavily saturated with short particles because a fivefold decrease in concentration of short particles in the inoculum resulted in a similar decrease in antigen-producing infections. When the short particles were inoculated up to 4 h after the long ones, the proportion of antigen-producing protoplasts was still more than half that resulting from inoculation of mixed long and short particles. Although the percentage of protoplasts synthesizing TRV nucleoprotein was small in these experiments, the results indicate clearly that short particles can enter protoplasts independently of long ones, and that such independent entry is about as efficient for inducing antigen-producing infections as when the opportunity exists for entry of the two kinds of particle at the same time and site. * Protoplasts inoculated with either long or short particles were incubated in light (3000 lux) at 22 °C, in o'7 M-mannitol containing antibiotics, and were washed with mannitol immediately before the second inoculation. Unless otherwise indicated, long particles were inoculated at zero time; x = short particles were not inoculated.
t Protoplasts were incubated at 22 °C and were sampled 2 days after inoculation; figures for RNA and nncleoprotein infectivity are not directly comparable.
~: Long particles were not inoculated. § Short particles at o'04#g/ml; otherwise at o.2 #g/ml. Long particles were at o'o4 #g/ml throughout.
When short particles were inoculated 24 h before long ones, few protoplasts produced virus antigen, and yields of infective RNA and nucleoprotein were low (Table 3 ). The small number of antibody-producing infections and small amount of infective RNA are attributed to inefficient infection by the long particles. This was expected, because protoplasts become much less susceptible to infection when incubated for 24 h in the conditions of this experiment and not previously inoculated with short particles.
The results in Table 3 also suggest that the total yield of nucleoprotein infectivity (long particles) was greatest when short particles were inoculated z to 4 h before long ones, whereas the total yield of RNA infectivity (larger RNA species) was greatest when the interval was 4 to 8 h. In these experiments, the assays of RNA and nucleoprotein infectivity were made on different dates and used different batches of plants so that the figures for the two kinds of assay are not directly comparable. However, trends in the ratio of nucleoprotein to RNA infectivity are meaningful. This ratio, which gives an estimate of relative efficiency of coating the larger RNA species, was greatest when the long and short particles were inoculated together; efficiency of coating appeared to decrease gradually as the interval between inoculation of long and short particles lengthened (Table 3 ).
DISCUSSION
The results described in this paper provide a more comprehensive picture of the replication cycle of TRV than was available before. The earliest change detected, at 7 h after inoculation, was the production of infective RNA (larger RNA species). No ultrastructural change was correlated with this event, but the production of nucleoprotein particles by 9 h was detected by electron microscopy as well as by infectivity assays and fluorescent antibody staining. The pattern that emerges is of infective RNA being synthesized, and incorporated into nucleoprotein particles 4 to 5 h later. We suspect that no appreciable accumulation of virus coat protein occurs before nucleoprotein particles are produced, and that nucleoprotein production may be limited by the rate of coat protein synthesis. Infective RNA synthesis seems to be largely completed by I2 h but a day or more is needed for its incorporation into nucleoprotein to catch up. However, it is not known whether synthesis of infective RNA ceases at later times, or is balanced by inactivation. This pattern is remarkably similar to that for tobacco mosaic virus (Sakai & Takebe, 1974; Aoki & Takebe, I975) , the only virus to have been studied previously in protoplasts from this point of view.
The most novel finding in our work is the asynchrony of accumulation of long and short TRV particles. There are several possible ways in which this effect might be produced, ranging from asynchronous synthesis of the larger and smaller RNA species to preferential coating of the larger species, and further experiments are needed to differentiate between them. The reason for the consistent association of the longer virus particles with mitochondria whereas the shorter ones occur mainly free in the cytoplasm (Harrison & Roberts, 1968) is not clear. The predominance of synthesis of long particles in the earlier stages of infection may result in them occupying most of the sites suitable for attachment on the mitochondrial surface before short particles are produced in large numbers. But even late in infection many of the mitochondria are not completely surrounded by long particles and if this explanation is correct it would be necessary also to postulate that attachment sites are locally distributed on the mitochondrial surface, or lose their affinity for virus particles later in infection. Another factor may be a difference in affinity of mitochondria for long and short particles, which although containing the same coat protein differ slightly in electrophoretic mobility (Cooper & Mayo, 1972) , suggesting they may also differ in surface charge density. A third possibility is that long and short particles have different sites of assembly within the cell.
The asynchrony of accumulation of long and short particles, and their contrasting distributions in the cell, may be pointers to an advantage of the multipartite genome as a modus vivendi for plant viruses, namely the possibility for separation in time or space of the synthesis, translation or assembly into nucleoprotein of the different genome parts. That synthesis of the genome parts may be independently regulated is also suggested by work with cowpea chlorotic mottle virus, whose RNA-I accumulated in very much smaller amounts than did the other three RNA species of this virus when tobacco protoplasts were incubated at 35 °C for a day after inoculation (Dawson et al. 1975) . Multipartite genomes obviously lend themselves to kinds of regulation of synthesis and expression not open to unipartite genomes. Our attempts to alter the pattern of RNA and nucleoprotein accumulation by staggering the inoculations with long and short particles did not reveal any major effects. In particular, inoculation of short particles before long ones did not result in less accumulation of the larger RNA species, and inoculation of short after long particles did not give increased accumulation of the larger RNA, as might have been found if the smaller RNA, or coat protein, was instrumental in switching protoplasts from synthesis of the larger to the smaller RNA species or from assembly of long nucleoprotein particles to short. Indeed, somewhat the reverse effects were observed. Our results therefore seem to raise more questions than they answer, but in doing so they also direct attention to several potentially fruitful topics for further research. vxg 33
